The permeability parameter (C) for the movement of cephalosporin C across the outer membrane of Pseudomonas aeruginosa was measured using the widely accepted method of Zimmermann & Rosselet. In one experiment, the value of C varied continuously from 4-2 to 10.8 cm3 min-l (mg dry wt cells)-' over a range of concentrations of the test substrate, cephalosporin C, from 50 to 5 PM. Dependence of C on the concentration of test substrate was still observed when the effect of a possible electric potential difference across the outer membrane was corrected for. In quantitative studies of Q-lactam permeation the dependence of C on the concentration of Q-lactam should be taken into account.
INTRODUCTION
The permeability of the outer membrane of Gram-negative bacteria is quantified as the 'permeability parameter', C (Zimmermann & Rosselet, 1977 ; Nikaido, 1979) . The permeability parameter for a given p-lactam antibiotic is measured by determining the kinetics of hydrolysis of that antibiotic by intact cells and by broken cells of a P-lactamase-producing strain of the bacterium of interest; it is assumed to be constant under a particular set of experimental conditions and using a particular /3-lactam test substrate (Zimmermann & Rosselet, 1977; Nikaido, 1979) . In this paper we demonstrate that this is not correct: the permeability parameter of intact cells of Pseudomonas aeruginosa varied with the concentration of a test substrate, cephalosporin C.
PRINCIPLES OF T H E MEASUREMENTS
The assumption currently used for quantifying the permeability of the Gram-negative bacterial outer membrane is that the movement of a substance across this membrane obeys Fick's laws of diffusion (Zimmermann & Rosselet, 1977) . The steady state form of Fick's first law in this context is J = DA(so -sp)/xp (Nikaido, 1979) where J is the flux of substrate across the outer membrane, D is the diffusivity of the substrate and A is the area available for diffusion; so and sp are the substrate concentrations in the exogenous water and the periplasmic space respectively, and x p is the distance down the diffusion pathway so that (sp -so)/xp is the concentration gradient. DA/xp is replaced by a single coefficient, C, the permeability parameter (Zimmermann & Rosselet, 1977) such that
(1) The method of measuring C uses the presence of a cellular P-lactamase to hydrolyse P-lactam antibiotic in the periplasmic space. substrate in the periplasmic space is then the sum of two terms : the influx due to diffusion and the loss due to enzyme-catalysed hydrolysis.
In this equation V and K , are the kinetic constants of the /3-lactamase (determined in broken cells and assumed to be the same in the periplasmic space), and o is the periplasmic volume per unit mass of cells. In the steady state (Zimmermann & Rosselet, 1977; Nikaido, 1979) ds,/dt is zero and s, is constant so that J = Vsp/(Km 4-s,). Experimentally, J is equated with qntact, which is the rate of loss of substrate from the medium in the presence of intact cells (corrected for the activity of the /3-lactamase which has leaked out of the periplasmic space). Then s, is calculated from the measured values of J, V and K,. C is calculated by substituting in equation (1) experimental values of so and J (i.e. uIntact) and the above calculated value of s,.
We have suggested (Nichols et al., 1985) that the analysis may be modified to take account of any difference in electric potential across the outer membrane (Stock et al., 1977; Nikaido & Vaara, 1985) ; in this case C can be deterrnined from
where 4) = zFAt,$/RT, and z is the algebraic charge carried by the diffusing molecule (-1 in the case of cephalosporin C), F is the Faraday, A$ is the difference in electric potential between the T is the absolute temperature. This equation is a form of the constant-field equation (Cooper et al., 1985; equation 67) and is the same as equation (3) of Nichols et al. (1985) except that the sign of A$ now agrees with the standard convention of membrane physiology (Woodbury, 1965) . Equation (3) uses the same experimental data as equation (1) with an additional estimation of periplasmic space and the bulk aqueous phase (~p e r l p , a s m , c -t,$exwenous), R is the gas constant and
METHODS

A$.
Growth and harvesting of'organisms. Ps. aeruginosa strains 3-Pre and 3-Post (Slack & Pitt, 1982) were grown with orbital shaking (190 r.p.m., throw diameter 2.5 cm) at 37 "C in the defined glucose medium of Anwar et al. (1983) . The p-lactamase of 3-Pre was induced by adding benzylpenicillin (200 yg acid ml-I) to the culture 2 h before harvesting. 3-Post possesses constitutive P-lactamase activity (Slack et al., 1983) . Cells were harvested in the exponential phase of growth by centrifugation at 6300g (rsv, 7 cm) for 10 min at 4 "C. Cells were washed twice by resuspension in ice-cold 5 mM-MgCI2/25 rnM-MOPS (adjusted to pH 7.4 with NaOH) and recentrifugation as above. The final pellet was resuspended to 1.5 to 3.5 mg (dry wt cells) ml-' in the same buffer solution.
Determination qf p-lactamase activities. The hydrolysis of cephalosporin C at 37 "C was monitored at 260 nm using a CECIL 272 spectrophotometer connected to a strip-chart recorder. The change in optical density for cephalosporin C hydrolysis (ALE) was 7.0 1 mmol-' cm-' (SD = 0.4, n = 100). The spectrophotometer cuvette contained 5 m~-MgC1,/25 mM-MOPS (pH 7.4), 5 to 250 pM-cephalosporin C and intact or freeze-thawed cells (9 to 200 yg dry wt per assay) in a final volume of 3.0 md. The reaction was started by the addition of the cells. In the intact cell assays, a second addition of cephalosporin C (volume < 50 pl) was made when the initial cephalosporin C had been completely hydrolysed.
/I-Lactamase was released from the periplasmic space as follows. A measured volume of the cell suspension was centrifuged as described above. The supernatant liquid was retained for determining extracellular p-lactamase activity which was used to correct the gross rate of hydrolysis by intact cells to give the rate of reaction in the periplasmic space. The pellet was subjected to four cycles of freezing (-8 "C) and thawing (37 "C), a few crystals of deoxyribonuclease were added and the pellet wits resuspended to the above measured volume in theb,u&r solution already described.
The kinetic parameters K,,, and I/ were determined by half-time analysis of progress curves of cephalosporin C hydrolysis by freeze-thawed cells (Wharton & Szawelski, 1982) . The P-lactamases were not subject to inactivation during the course of the reaction as judged by Selwyn's test (Selwyn, 1965) . Rates of cephalosporin C hydrolysis by intact cells (vlntsct) at particular concentrations of cephalosporin C were determined as initial rates (i.e. as close as possible to the initial concentration of cephalosporin C) by the chord-drawing method of Waley (1981) , or as rates at various time points on complete reaction progress curves using the same method.
Chemicals. Deoxyribonuclease (DN Aase I) and the potassium salt of cephalosporin C were from Sigma. Cefsulodin was a generous gift from CIBA-Geigy.
Outer membrane permeability of Ps. aeruginosa t These values of C are plotted in Fig. 1 1 uintact and so were obtained with a second volume of cephalosporin C added to the reaction mixture following complete hydrolysis of the substrate present initially.
RESULTS AND DISCUSSION
Values of Dintact and so obtained in two typical experiments, and the values of sp and C computed from equation (2) and equation (1) respectively, are listed in Table 1 . The enzyme kinetic parameters used for the calculations of sp and C were as follows. For Ps. aeruginosa strain 3-Pre, K , was 30.1 p~ (SD = 4.04, n = 6) and V was 1-01 pmol min-' (mg dry wt cells)-' (SD = 0.19, n = 6). For Ps. aeruginosa strain 3-Post, K , was 28.5 p~ (SD = 2.94, n = 4) and V was 11.1 pmol min-' (mg dry wt cells)-' (SD = 1.38, n = 4). In Fig. 1 each value of C listed in Table 1 is plotted against the corresponding concentration of test substrate (so).
For both strains the value of C calculated from equation (1) increased as the concentration of cephalosporin C decreased (Table 1, Fig. 1 ). This was a reversible effect because adding more substrate after complete hydrolysis of the original substrate resulted in the same dependence of C on the concentration of cephalosporin C (most clearly demonstrated in Fig. 1 ). The value of C varied whether Dintact values were measured as initial rates at different starting concentrations of cephalosporin C (Table 1, Fig. 1) or as rates at different time points on full progress curves of cephalosporin C hydrolysis (Fig. 2) . With any one batch of cells values of C obtained using a full progress curve of hydrolysis were the same, at each particular substrate concentration, as those obtained from initial rate measurements (data not shown).
The validity of the steady state assumption was checked using equation (2). To do this we assumed an approximate value for the periplasmic volume of 1 p1 (mg dry wt cells)-' (Stock et al., 1977) . Then, using known values of J , K , and V we calculated ds,/dt for values of s, slightly greater or lower than that yielding dsp/dt = 0. For example, when J = 66.6 nmol min-' (mg dry wt cells)-' and so = 7.89 p~, the assumption of dsp/dt = 0 yielded a calculated value of s, = 2.1 3 p~. A value of 2.1 2 p .~ for sp yielded ds,/dt = 144 p~ min-', and a value of 2.14 p~ for sp (1) using i~,~,~~~ values measured as chords (Waley, 1981) at different places on complete progress curves oFhydrolysis of cephalosporin C ; 0, m, values of C calculated from the same data using equation (3) and A$ values of 59 mV and 50 mV for strains 3-Pre and 3-Post, respectively, as measured in the same batchesof cells a, 0. Results obtained with 50 pM-cephalosporin C present at time zero; A, m, results obtained with a second volume of cephalosporin C added to the reaction mixture following complete hydmlysk af the substrate which was present initially.
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yielded dsp/dt = -441 PM min-I. In other words, sp very rapidly approached the steady state value.. This confirmed that errors in estimating sp due to the assumption of steady state conditions were not responsible for the variation of C shown in Figs 1 and 2.
It k possible that an apparent variation in C had resulted from not taking into account any electric potential difference across the outer membrane (Nichols et al., 1985) . We have used two values of A$ for each strain to test whether this is likely. First, for each strain we measured the distribution of cefsulodin across the outer membrane by the method of Kojo et al. (1980) . The resulting exogenous and periplasmic concentrations of cefsulodin were put into the Nernst Table 2 . Eflects of possible values of A$ on the variation of C with the concentration of cephalosporin C
The data of Table 1 were reanalysed using equation (3). Values of A$ were estimated by measuring the equilibrium distribution of cefsulodin across the outer membrane (in batches of cells different from those used to obtain Table 1 equation in order to estimate A$ : the values obtained were 59 mV (SD = 7.1, n = 5 ) and 50 mV (SD = 12.4, n = 4) for strains 3-Pre and 3-Post respectively. Using the batches of cells in which A$ had been thus measured, we used equation (3) to calculate C over time courses of hydrolysis of cephalosporin C. The permeability parameter of each strain again varied continuously with the concentration of cephalosporin C (Fig. 2) . Moreover, when equation (3) and the above values of A$ were used to reanalyse the initial rate data of Table 1 , the permeability parameters once more increased with decreasing concentration of cephalosporin C (Table 2) . Secondly, we have recalculated the data of Fig. 1 using equation (3) rather the scatter of values for each parameter in each strain appeared to be random. In separate experiments this has also been the case using initial concentrations of cephalosporin C between 40 and 200 p~. Finally, in the experiments shown in Fig. 2 , when a second 50 p~ volume of cephalosporin C was added to intact cells, the curve of C upon so (and also the reaction progress curve) was identical to the curve obtained with the first volume of substrate. From these three observations we conclude that hydrolysis products at concentrations of 50 to 100 p~ did not significantly inhibit the plactamases in the experiments
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reported here. We therefore suggest that the continuous variation of C was not an artefact resulting from product inhibition of the P-lactamases.
If the above arguments are correct, one must consider whether the permeability of the outer membrane of Ps. aeruginosa was decreased directly by cephalosporin C. Certain compounds increase the permeability of the outer membrane of this organism; for example, EDTA, ascorbate, acetylsalicylate and some polycations (Hancock & Wong, 1984) , but cephalosporin C is the only compound so far suggested as possibly decreasing the outer membrane permeability.
Further experimental work will be necessary to test this hypothesis. The suggestion that the permeability parameter was affected directly by cephalosporin C raises the possibility that other P-lactam compounds might also directly influence outer membrane permeability. If this were the case, the method of Kojo et a f . (1980) for determining the periplasmic concentration of P-lactamase-stable p-lactam compounds would be invalid. This is because the method requires that the value of C be the same both in the presence and absence of the b-lactamase-stable P-lactam compound. As pointed out above, this may not be the case. Until this question is resolved, the A$ values given above for strains 3-Pre and 3-Post, and the value for strain 3-Post quoted by Nichols et a f . (1985) , must be regarded as tentative. This is the first time that outer membrane permeability parameters have been found to vary with the concentration of the test substrate (Zimmermann & Rosselet, 1977; Nikaido, 1979; Angus et al., 1982; Hancock, 1984; Hancock & Wong, 1984; Nikaido & Vaara, 1985) . Whether this is due to an unknown artefact or due to a real effect of cephalosporin C, the phenomenon needs to be taken account of when permeability parameters for two substrates or for two organisms are compared.
